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It was proposed by T. L. Collins that phase (or energy)
errors in the main ring of an injected booster pulse may be
damped ouf by feedback to the phase of the RF in the cavities.
However, the RF phase must be shifted from its normal value
to the value with feedback only for the newly injected booster
pulse (with phase errors) so as not to affect the ﬁreviously
injected pulses for which all errors have presumably already
been damped out. Q. Kerns estimated that within a gap of,
say, 10 RF cycles between the previously injected booster pulse
and the newly injected pulse the maximum RF phase shift attain-
able is only about 2°. The essential features to be investi-
gated are (1) the démping rate under the 2° limitation and
(2) the effect of nonlinearity in phase oscillation.

During injection the injected beam bunches are held in
stationary RF buckets (¢s = Q) in the main ring. The phase

oscillation 1s given by the equations

—id - -
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dE _ .

"d—n' = eV sin ¢ (l)

or
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QE%-+ Q% sin ¢ = 0, 0° = evVA (2)

dn
where n is the revolution number, ¢ is the RF phase at the
time of passage of the particle through the cavity, E is the
deviation of the particle energy from the synchronous energy

(8 BeV), V is the peak cavity voltage, and

evaluated at the synchronous ehergy of 8 BeV. For the main
ring h = (harmonic number) = 1113, Y = (transition vy) = 19.6,
V = 1.5 MV, and we have

A = 0.00666 MeV™l, @ = 0.100 rad/rev.

The bucket boundaries are sine curves with the extensions

¢ = 7 and E = £2% = +30,0 MeV. The bucket area is

A = 16% = 240 MeV-rad.

The feedback scheme is given by the equations

2 - e
%% = eV sin (¢ + a Qé%i ) (3)

where a is the feedback factor which may be a funetion of
n and < > denotes averaging over all particles in the bunch,
Thus, <¢> is the phase of the centroid of the bunch and is

the signal picked up by the phase sensor. The phase Jjump

a gggz is to be limited to 2°.
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For small oscillations we can linearize Equ. (3) by re-
placing the sine function by its argument. Furthermore, for
the linear equations we can drop the averaging symbol and
reinterpret ¢ and E as the variables for the centroid of the

beam bunch. The second order linear equation for ¢, then,

becomes
32 :
a9 4 402 99 4 @24 = 0 )
2 dn
dn
- 92
For constant a the damping factor 1s exp (—5— an) and the
number of turns to reduce the amplitude by e-l is
: 2
n, = —s. (5)
e aﬂz

The optimum value of a is the critical damping value

= 2

a, = ¢ (6)
for which ng has its minimum value 1/Q. For large phase
errors, however, the amount of feedback a, %% required for
critical damping may easily exceed the hardware limit of
o = 29, The feedback éhase Jump is, therefore,
;.' g’i ] ] ] - . gj‘?_
iMln( acldnl’a) where the sign is that of 4o lWhen the
phase jump is clipped in this manner, the a %% term in

Equ. (4) is replaced by *a giving

o2
29+ 0% (p%a) =0 (7
dn '

which represents Just a shift in the origin for ¢. The

origin in the (¢,E) plane changes by 2o every time %%
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changes sign, Thé effect of this is.to initiate a new
undamped oscillation with initial conditions E = 0 and

|4] = |¢ - 2a]| about the new origin. Thus, the damping
achieved is la per phase oscillation. When the phase error
has been reduced to less than 2o this scheme will lead to an
overshoot, By this time, however, a, %% is small and the
clipping is not in’effect. The final damping is that corres-
ponding to eritical damping.

One might speculate that a more efficient scheme would
be to start with a small feedback coefficient a and increase
it in step with the decreasing amplitude of the phase oscil-
lation so that the maximum phase jump is always *oa. An

approximate analysis of Equ. (4) with a = é(n) leads to the

function
a(n) = a [:l - log (1 - n/ne)] (8)

where ng is the e-folding revolution number given by Equ. (5)
and

a, = a/(2¢_). (9)
This approximately maintains the condition

fdgy
a(a%) A ,’gioc
max -

where "max" implies the maximum value occurring each half
phase oscillation. For n 2 ng Equ. (8) is nonsense and a is
increased linearly up to aé from a(ne - 1). The approximate
damping factors for small n for the damping schemes considered

are:
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(a) for "constant feedback" a = const = a_ = ﬁ%_’
'_1/9_;9 °
damping factor = €772 o n
(b) for "critical feedback". a = const = a_ = % and
—{in

no -phase jump limit, damping factor = e

n N n = il a
(c) for "clipped feedback” a = Min (aQ,Ta$7aHT) s
' 2o Q
damping factor # e 7 ¢O n

I'4

(d) for "logarithmic feedback" a = a, [i - log(l - %—):},

e

o
damping factor = 9_5; fin

The feedback programmed according to Equ. (8) seems to have

a slight edge over the clipping scheme, but the damping rate
decreases for large n in this scheme so that the two are ex-
tremely close., Certainly simplicity favors the clipping
scheme.

The phase-space area occupied by the beam is estimated
to be only. about 13 MeV-rad which is small compared to thé
240 MeV-rad area of the bucket. Therefore as long as the
initial amplitude of the phase error ¢o is much smaller
than m the nonlinearity in the phase oscillation should not
be too severe. The effects of the nonlinearity and of the
various feedback schemes are studied by using a computer.
Both the clipped feedback and the programmed_feedback,given
by Equ. (8) are examined,

The equations programmed for the computer are the dif-

ference equations (now we replace the averaging sign < >)
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E ., = E, +eVsin [¢n+l +a (<4 9> - <¢n>{] (10)

which correspond to Equations (3) and describe more closely
the actual behavior of the particles in the main ring. Four
hundred and forty particles distributed in a matched phase
space area of i3 MeV-rad are traced with their average phase
(phase of centroid) <¢n> evaluated every turn. Thelr phase
points are plotted in the (E,¢) phase plane at specified
number of turns after injectionv(n = Q). Figures 1-5 show
bunch shapes after 500 turns around the machine for initial

o]

phase errors <¢O> = 100, 207, 30O

, bo%, s50°.

The ellipse
represents the path taken by the centroid of the bunch in
the absence of feedback. The clipped feedback program is
used with a clipping level a = 20,' The trajecfory of the
bunch centroid with feedback is shown for the same cases in
Figures 6—10l* Figure 11 shows the bunch after 500 turns for
the log feedback function Equ. (8), starting at <p > = 30°,
The corresponding trajectory of the centroid is shown in
Figure 12.* Nonlinearity is measured by the change in the
second momerit of the bunch in normalized coordinates. Table I
compares results for <¢o> = 30vaith the four feedback condi-
tions mentioned previously. Table II gives similar figures.
o

for <¢ > = 10°, 20°, 30°, 40°, and 50° using the clipping

scheme. The quantity 490 is the number of turns for which

/Q¢>2 + <E>2 = ,01 in normalized coordinates. The quantity

*¥curve is marked every tenth turn.



—7- TM-252
0430

0500/0O is the ratio of the second moment of the bunch on
the 500th turn to that on the zeroth turn.

It appears'from these results that something like 30O
phase error or 8 MeV energy error in the injection can be
successfully corrected_by feedback to the RF phase with the
1imit of 2° in phase jump. The damping time required is

much less than the i sec. between booster pulses. For phase

15
errors larger than 30° the nonlinearity begins to cause
significant distortion in the bunch shape leading to dilution
of the phase space density. Because the exponent of the
damping factor is proportional to the phase jump 1limit a,

a small increase in this quantity would lead to considerable

relaxation in injection tolerances.
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TABLE I
Comparison of Feedback Schemes
at <¢_> = 30°, <E_> =0, a = 2°
Feedback type B00 950077
L _
a = aj Qo v 1100 1.087
o)
a =a, = % (no phase jump limit) 64 1.004
— 1 ______—a - el
a = Min (ac, |d¢/dn|) 248 1.032
a = a;, [l—log(l—n/ne)] 343 1.052
TABLE IT
. . T s o
Clipped Feedback a = Min (ac, —_ldd)/dn] )Results
<¢5” Digo 9500”9
10° 92 1.002
20° 156 1.007
30° 248 1.032
40° 317 1.119

50° 358 1.326



16.00

T BUNCH ON [HE 500 -TH TURN HAS CENTER AT  -0.000CO ,0. 00000 .
ﬁgmwp; M N " .. ..
a ) . e .
4 . . ..
e . .-
.U,nw e . e T . . . . . .
mm . .. e
o4
==
S 8
N FIGURE 1.
- — . . t + -+ —

~1.00

o--

010 0.20  U.0U 0.20
RF PHASE Q5 PARTICLE CROSSES GAP

U.40

U.6U

.60

1.00



16.00

12.00

00

-8.

~12-DQ

-4
L)

PIINFH AN THF SO0-TH TURN HAS CENTER AT ( -0.00001,0.00019).

FIGURE 2

-

0Er0
2GC-IL

-1.00

.80 .60 .40 B2 .00 0.20 .40 U.60
, RF PHASF AS PARTICLE CROSSES GAP

0.80



16.00

F]
L

8,00 12.00

LTA £

~H. Eg

3
L]

-8. ﬁa

-ia.8a

16,08

BUNCH ON THE SO00-TH TURN HAS CENTER AT ( -0.0000S ,0.00222) .

FIGURE 3

I
A R

A 0EX0
252~

"~1.00

lm. €0 .H.u. 60 : |m.u. 4o M.w 20 M<__u. 00 o.” 20 0.40 0.60
RE..PHASE .AS MARTICLE CROSSES GAP



—16-0q

BUNCH ON THE S00-TH TURN HAS CENTER AT (0.00012,0.01385) .

FIGURE 4

g =

e

e 3

0Ew0
2GC—IWL

-1.00

-

-0.80 -0.60 _ -0.40 -0.2. 0,00  0.20 _ 0.0 0.60

RF PHASE AS PARTICLE CROSSES. GAF

0.80

1.00



16.00

T BUNCH ON THE 500-TH TURN HARS CENTER AT ( 0.002G0,0.03129) .
m . “l ° /
g g
= . . . ..... ”..... " ... ..._ . ... R
.uu.u o.._- R . .. . . .. ... .. ) -‘W‘. .. . .. K
m ,,A.-. ..-... . - o.- ... ...- .. .- -. n. .sa ao.-o.-o... -H .o n- . »
woe R R
o8 T U
TT I - O R
= * . 3 . .. . S
PT
o 4
. ==
(=] w |
(=} O
;QM.AI
g FIGURE 5

-1.00 0.0 -0.60 ~0.40 Th.20 28.00 0,20 0.40 0.60 0.80 1.00
RF PHASE RS PARTICLE CROSSES GAFP



no-r

' ng°n

_db S3ISS0YT HONNG 40 H3INID nd.umcra‘med

Dw“m nkn ae'n no- o ne:n nnen

ns*n-

00~1-

TM-252
0430

-

'y
L g - ) ! 1) T

9 HUNDTIA

NGN1 HIOY3 504 Y3INTD HINNG 3H) 40 SNO11160A

By

oi-




16.00

T THE POSITIONS OF THE BUNCH CENTER FOR EACH TURN
-
ot
g
a
=T
8
o |
«
TT
o
g 33
g FIGURE 7
"1.00 20.80 20.60 .40 0,20 .00 0.20 . 0.40 0.60 0.80 1,00

RF PHASE AS CENTER OF BUNCH CROSSES GAP



ddd S3ISSOH] HIONNG 40 Y3ILNID SH 3SHHL 4d
09°0 oh'0 02°0 00°0- reo- Oh'0- 09°0-

—

00°1-

TM-252
0430

I
\j

8 HENOIA

NdNl H3B3 HO4 Y3IN33 HONNG 3HL 40 SNOILISOd 3HL

00°21-

00°8-

00%_
3 UL3d

00°H

00°21

00°91

- 00

00°91



T THE POSITIONS OF THE BUNCH CENTER FOR EARCH TURN
8
~T
8
21
8
24
8
wio |
.
Th.
e
ad
=1
S
o+
- Q2
o | En
g FIGURE 9
'_1.00 -0.80 -0.60 -0.40 0.2 -0.30 0.20 0.40 o..B, 0.80 1.00

RF PHASE AS CENTER OF BUNCH CROSSES GAP



16.00

DELTA E

THE POSITIONS OF THE BUNCH CENTER FOR EACH TURN
8
2l
=]
8
O
==
8 P
m.;. "
o FIGURE 10
D -1.00 |m.mc nm.mo |o 4o |Pmo uo oo o.mo "co ommo , ommo ;uwoo

RF PHASE AS CENTER OF BUNCH CROSSES GAP



16.00

rH-Hng %,oa

T  BUNCH ON THE S00-TH TURN HAS CENTER AT (-0.00008,0.00567) .
g
g
el
g
e
. (@R
gl 5%
m FIGURE 11
.00 ~0.80 ‘ zm.mo .40 .20 .00 0.2 0va0 0,60 080 100

RF PHASE AS PARTICLE CROSSES GARP



6.00

=T THE POSITIONS OF THE BUNCH CENTER FOR EACH TURN
.mlr
2]
—
o -~
M.,.. i \
g 23
m._ FIGURE 12
cﬂlu.oo M.u.mo ID 60 IO 10 lo Qo0 D.mo "Fo ou.mo m..mo ab..oo

- RF PHRSE RS nmzqmm OF BUNCH CROSSES GRP



